We study the change in the behavior of the modulation transfer function and resolution with changing properties of a turbulent medium. It is shown that the form and the behavior of the functions under study undergo significant changes at the transition from Kolmogorov's to a helical type of turbulent medium. These changes should be taken into account in developing models of electromagnetic radiation propagation through a medium as well as in interpreting experimental data.
INTRODUCTION
It is well known that the turbulence of a medium plays an important role in optical signal propagation through that medium. It is especially important to take into account turbulence characteristics of the atmosphere while processing images of objects obtained in the visible or infrared range. It is noteworthy that at present, the theory of radiation interaction with a turbulent medium has been studied quite extensively, and models developed in the past 40 years are used widely in applied research.
One of the key parameters for developing the theory of radiation passage through a turbulent medium is a structure function ⌽(r), which is present in all the theories of radio-wave propagation in a turbulent medium (see, for example, Ref. 1). The structure function describes the behavior of correlations of turbulent temperature-field fluctuations as a function of the distance r between certain points. It is usually assumed that the turbulent field is of the Kolmogorov type. 1 In fact, media with Kolmogorov's turbulence are quite widespread, but they are not the only possible ones. As has been demonstrated over the past 30 years, 2 another type of turbulence is as widespread as Kolmogorov's, namely, helical turbulence. It is well known that the one-dimensional structure function D(r) of the velocity field of Kolmogorov's turbulence depends on the distance between the points r as follows:
In this case, a structure function of the passive scalar field (as a rule, in the theory of radiation transfer, temperature fluctuations are considered to be a passive scalar) has a form similar to Eq. (1). On the other hand, 2 helical turbulence is characterized by the structure function
and the corresponding structure function of the passive scalar changes in comparison with Kolmogorov's case 3 :
Thus, in the field of helical turbulence, characteristics of the scattered field should also vary.
In the present paper we study the helicity effect on the long-and short-term modulation transfer function (MTF) as well as on the resolution. To begin with, however, we dwell on the properties of helical turbulence and conditions that require accounting for the helical properties of the medium.
HELICAL TURBULENCE
In the early 1960s it was shown 4 that the Euler equation has, along with energy, another integral of motion, helicity:
where v is the fluctuation part of the velocity and w ϭ rot v is the vorticity.
The interest in helical turbulence (i.e., turbulence with H 0) greatly increased after it had become clear that it is directly connected with mean magnetic-field generation in turbulent conducting media (see, e.g., Ref. 5 and references therein).
At present, nearly 40 years of studies of helical turbulence have led to the conclusion that it exists in practically all real turbulent media. 6 The only question consists in the degree of significance of the role of helicity in a given turbulent medium.
As shown in Ref. 2 , there are two limiting cases, where the spectral density E(k) of the energy of turbulent fluctuations in the inertial interval depends either on energy flux ⑀ or on helicity flux . In the first case,
, and in the second,
, where k is the wave vector. For a long time helical spectra were considered only as purely theoretical exercises having nothing in common with actual turbulence. However, by now a significant amount of full-scale and laboratory results have been accumulated that testify directly to the ''Ϫ7/3 law.'' Such spectra are observed in laboratory magnetohydrodynamic flows, in atmospheric experiments at various altitudes, and in tropical pretyphoon atmosphere. 7 It is noteworthy that in atmospheric spectra, alterations of the Ϫ5/3 and Ϫ7/3 ranges are observed. 8, 9 Various authors have studied the violation of mirror symmetry and hence the origination of helicity in turbulent flows that is due to the following mechanisms and conditions: dissipation, 10 rotation and inhomogeneity, 5, 11 convection, 12 rotation and anisotropy (for incompressible flows, see Ref. 5) , and shear and external homogeneous magnetic fields. 13 Thus helicity exists in practically all real turbulent media, and it is necessary only to establish in which cases it is important for the solution of radiation transfer problems. It is clear that this is connected with the transition from Kolmogorov's turbulence with Ϫ5/3 scaling (or 2/3 in a real space) to turbulence with Ϫ7/3 (4/3) scaling. Consequently, since radiation reacts to temperature fluctuations, then in the presence of nonzero helicity and in the case in which its flux is a governing parameter, passive scalar behavior, in addition to spectral properties of the velocity field, is changed.
Turbulent media in which the turbulence fluctuation spectrum varies involve, as a rule 7 intense shear flows, intense heating, rotation, etc. An example of such a medium, which is of interest from the standpoint of radiation transfer, is the boundary layer of the Earth's atmosphere. The effects examined in our paper are especially important in zones with significant shear flows or zones where the heating of the atmosphere above the Earth's surface is the most intense.
STRUCTURE FUNCTION (SPHERICAL WAVES)
The main cause of fluctuations of the dielectric constant of a medium are temperature field fluctuations. The correlation function, or refractive-index function 14 C n ͑ r, s ͒ ϭ ͗n͑r 1 ͒n͑ r 2 ͒͘,
where n(r 1 ) is the refractive index, r ϭ r 1 Ϫ r 2 , and s is the average of the components along the propagation path of r 1 and r 2 , is one of the main characteristics of optical turbulence. Here the refractive-index structure function D n (r, s) connected with C n (r, s) has the following form:
with
where
It
where C N 2( s) is the refractive-index structure constant slightly varying with s. However, for a helical character of the behavior of the medium, the structure function changes its form:
because the correlation of the field of the thermal fluctuations changes its slope in comparison with that in Kolmogorov's case. 3 It can be readily shown that in this case
Along with D n (r, s), a wave structure function is applied 14 :
where k 1 is the radiation wave number and J 0 is the Bessel function. Using Eq. (6), we obtain from Eq. (10) that
Thus we obtain that in the presence of helical turbulence, structure functions are essentially changed. Now we return to the changes in the behavior of the MTF.
LONG-AND SHORT-TERM-EXPOSURE MODULATION TRANSFER FUNCTION
Following Refs. 15-17, short-exposure MTF SE and longexposure MTF LE functions are defined as follows:
where is the wavelength of light, R is the curvature radius of a spherical wave, k is the wave vector, and The magnitude ͗a 2 ͘ is determined through the phase structure function as
and the phase structure function is
where L is the length of the propagation path through the turbulent medium. Consequently, for a short-exposure MTF it is necessary to distinguish between MTF SE nf and MTF SE ff . Substituting Eqs. (16) and (17) into Eq. (15), we obtain
͑ far field͒ (20) where we have introduced, similarly to Ref. 16 , D n (r) wave structure function (spectral density) in the form
Following the method described in Ref. 15 , we define the value of r 0 Ӎ (␣/AЈ) 3/4 , which leads to the following expression for
, where in our case ␣ ϭ 2(6⌫(3/2)) 2/3 . Then
where we have omitted the value 1.062, as in Ref. 15 , replacing it with unity. Note that the exponential function in Eqs. (22) and (23) has undergone a considerable change in comparison with the case in Ref. 15 . Figure 1 shows MTF dependencies on x ϭ Rk/d for the values d/r 0 ϭ 0.5 and 2. It is apparent that in all the cases helical turbulence leads to a decrease in MTF. However, whereas at d/r 0 ϭ 0.5 the dependence of MTF on x in the helical case is always below that in the Kolmogorov's case, with increasing d/r 0 ratio the situation changes somewhat. For MTF 0 and MTF SE ff , a similar behavior is maintained in the interval from 0 to 0.3-0.4. On the other hand, for MTF SE nf the difference between the Kolmogorov and the helical case increases with increasing d/r 0 . Now we can write an expression for the resolution value R ϭ ͐MTF(k)dk. By analogy with Ref. 15 , we obtain
where we have normalized the values in ratios (24), (25), and (26) to Figure 2 shows the dependencies of R L , R nf , and R ff on d/r 0 . For the sake of comparison, Fig. 2 shows the values of respective magnitudes in the case of purely Kolmogorov turbulence.
Thus the resolution value R, as well as the MTF, is essentially dependent on the properties of the turbulent media. For helical turbulence, the form of the turbulence MTF and overall resolution are changed in comparison with those of Kolmogorov's turbulence. It is seen in Fig.  2 that for short exposures the image is degraded more for helical turbulence.
CONCLUSION
The parameters of electromagnetic wave propagation through a turbulent medium are essentially dependent on the properties of this medium. As demonstrated in the present paper, as changes in the type of turbulence fluctuations of the medium parameters occur, the form of the laws of radiation propagation through the medium also changes.
In fact, the change in fluctuation correlations of the refractive index leads to a considerable change in both the MTF form and the resolution value. It is noteworthy that since the helical type of turbulent medium is as widespread as the Kolmogorov one, it is necessary that one take into account the turbulence type formed in the medium when solving applied problems of radiation propagation through media. By way of example, for describing optical signal passage through the atmospheric boundary layer, we should take into account that the helicity level will be considerably changed depending on conditions (time of day, wind velocity, rheology, and other factors).
In the present paper we have examined the changes in optical parameters of the medium for a changing type of turbulence. However, it is well known that the behavior of the dispersive component of the atmosphere should also be changed. We intend to examine this change in further studies. 
